Gleditsiae Fructus Abnormalis and Gleditsiae Sinensis Fructus are obtained from different developmental stages of fruits from Gleditsia sinensis Lam. (Leguminosae). The possible interchangeable usage of the two fruits, however, has long been very controversial. Here, high performance liquid chromatography coupled with diode array detection was developed to explore their chemical fingerprinting profiles. Besides, the amounts of aglycones of saponin compounds, echinocystic acid and oleanolic acid in both fruits were quantified. The results indicated that there was no significant difference in the content of aglycones from the two types of fruits. However, their chromatographic fingerprints showed distinct characteristics. Therefore, the interchangeable application of these fruits has to be taken with a specific precaution.
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In the herbal market, the price of GFA is much higher than that of GSF, which is mainly due to the availability of the latter. Thus, herbal traders suggest replacing GFA by GSF for daily application (7) . Whether the two fruits could be used in similar applications is still not known. There are many types of triterpenoidal saponins found in GFA or GSF: about 19 saponins have been isolated and identified, which were also reported to possess numerous bioactivities (8) (9) (10) (11) (12) (13) . The aglycones of these saponins were identified as echinocystic acid and oleanolic acid and were proposed to be active ingredients in numerous medicinal herbs (14) (15) (16) (17) . At present, the aglycons of saponin compounds are considered to be appropriate chemical compounds for the quality control of herbal medicines, since they are convenient in terms of method development and marker availability (18) (19) (20) . Besides, HPLC fingerprint has been considered to be a comprehensive approach for assessing the quality of herbal medicines (21) . Today, this technique is widely used for quality control and species differentiation of herbs (22, 23) . We therefore employed the HPLC fingerprint and quantitative analysis approaches to reveal the variation between the two fruits.
EXPERIMENTAL

Chemicals and materials
Twelve herb samples were collected from different geographical regions of China. Ten batches of GFA and two batches of GSF were collected from the same plants. Plant materials were authenticated according to their morphological characteristics. Voucher specimens were deposited in the Centre for Chinese Medicine at Hong Kong University of Science & Technology, Hong Kong, China.
The chemical standards of echinocystic acid and oleanolic acid were purchased from the ChromaDex (ChromaDex, USA) and the National Institute for the Control of Pharmaceutical & Biological Products (NICPBP, China). Their purity was determined to be over 98 % by normalization of peak areas, as revealed by HPLC-DAD.
Gleditsioside A was isolated from the roots of GFA, and its structure was established by comparison of its spectral data (mass spectrum, 1 H NMR and 13 C NMR) with the literature data (8, 12) . In general, the purity of a chemical marker should be over 98 %, which could be used for quantification. As for gleditsioside A, the main saponin in the fruits, used as a marker for HPLC fingerprint, was purified in-house. This chemical was rather unstable during storage, and the purity was around 95 %. Thus, this chemical could be used as a reference standard for qualitative HPLC fingerprint only.
HPLC-grade acetonitrile was purchased from Merck (Germany) and ultra-pure water was prepared using a Milli-Q purification system (Millipore S.A.S., France). Other reagents used were of analytical grade. each compound into a volumetric flask and dissolving it in methanol. Stock solutions were stored at -20°C.
GFA was pulverized and dried to constant mass and then passed through a 0.25-mm sieve before use. For fingerprint analysis, 0.1 g of sample was accurately weighed and placed into a 15-mL Falcon tube and extracted with 10 mL 25 % methanol in an ultrasonic bath for 30 min. The solution was filtered through a 0.45-mm Millipore filter before injection of 10 mL into the HPLC.
For quantitative analysis, 0.5 g of herbal powder was accurately weighed and placed into a 250-mL round-bottomed flask, reflux was extracted with 25 mL of methanol for 30 min, the solution was transferred into a 50-mL centrifuge tube and centrifuged at 4,000 x g for 5 min. Ten mL of the supernatant was pipetted into a 250-mL round-bottomed flask and concentrated to dryness under vacuum using a rotary evaporator. The residue was dissolved in 10 mL of diluted hydrochloric acid/ethanol solution and reflux was extracted for 30 min. After cooling, the solution was transferred into a 15-mL centrifuge tube and centrifuged at 4,000 x g for 5 min. The supernatant was discarded and the residue was transferred to a 25-mL volumetric flask and made up to the mark with methanol. The solution was filtered through a 0.45-mm Millipore filter before HPLC analysis.
Apparatus and chromatographic conditions
The HPLC system consisted of an Agilent 1200 binary pump (Agilent, Germany), an auto sampler and a DAD detector at 210 nm for all analyses. Chromatographic separation was carried out on an Alltima C 18 column (4.6 x 250 mm, 5 mm). For the MS analysis, an Agilent QQQ-MS/MS (6410B, Germany) equipped with an ESI (electrospray ionization) ion source was operated in positive ion mode. The drying gas, nitrogen temperature and flow were 325°C and 10 L min -1 , respectively, nebulizer pressure was 241 kPa, capillary voltage 4.0 kV; delta electro multiplier voltage 400 V. Agilent Mass Hunter workstation software version B.01.00 was used for data acquisition and processing.
Method validation (18, 19, 24) Linearity. -Linearity was established by injection of 10 mL of mixed standard solution at six different concentrations. Calibration curve was plotted subsequently based on linear regression analysis of the integrated peak vs. concentration (mg mL -1 ). Each calibration curve included six data points.
Limit of detection and limit of quantification. -The limits of detection (LOD) and quantification (LOQ) were determined at a signal-to-noise ratio (S/N) of 3 and 10, respectively.
Precision. -The precision of the method was validated by determining of intra-and inter-day variability. The intra-and inter-day precision was determined by analyzing six replicates of the standard solution of the two analytes during a single day and six replicates of the sample examined on 3 successive days, respectively. The relative standard deviation (RSD) was taken as a measure of intermediate precision.
Recovery. -A recovery test was used to evaluate the accuracy of method. An exact amount of each standard was added to accurately weighed 0.5 g of GFA (sample C), which was then extracted and analysed as described. For comparison, a blank sample (not spiked with standard compounds) was prepared and analyzed.
HPLC fingerprinting. -In HPLC fingerprinting, a well resolved peak corresponding to an available chemical reference substance can be used as a marker peak for the calculation of RRTs (relative retention times) of other peaks in the same chromatogram. The RRT of a characteristic peak is calculated retention time of a chosen marker peak. For positive identification, the sample must give all characteristic peaks with the RRTs falling within the acceptable range.
RESULTS AND DISCUSSION
Extraction procedure and chromatographic conditions
The contents of echinocystic acid and oleanolic acid (Fig. 1a) were determined in a hydrochloric acid hydrolysed herbal extract. Fig. 1b shows a typical HPLC profile of mixed standards and an extract of GFA or GSF at 210 nm. In order to obtain a quantitative extraction of analytes from GFA or GSF, the variables involved in the extraction procedure were optimized. Different extraction solvents (methanol, 70 % methanol, absolute ethanol and 70 % ethanol) and different concentrations of hydrochloric acid/50 % ethanol (0.5, 1.0 and 2.0 mol L -1 HCl) were tested. Extraction by methanol and hydrolysis by 2 mol L -1 HCl/50 % ethanol were found to be optimal (Fig. 2) . Different ratios of acetonitrile/water and methanol/water were investigated for the optimal mobile phase, and the quantitative analysis was achieved by gradient elution using a binary mixture of acetonitrile and water.
Method validation
Linearity. -Linearity was observed in the concentration range 1.0-800 µg mL -1 for echinocystic acid and 1.9-1000 mg mL -1 for oleanolic acid. Calibration curves depict excellent correlations for echinocystic acid (R 2 = 0.9998) and oleanolic acid (R 2 = 0.9990).
LOD and LOQ. -The LODs for two analytes were 0.05 and 0.06 mg mL -1 . Their LOQs were 1.00 and 1.50 mg mL -1 , respectively.
Precision. -Precise values evaluated on model samples were as follows. The intra--day RSD values for two analytes were 0.7 and 0.4 % (n = 6), and inter-day RSD values were 3.8 and 3.4 %, respectively (n = 6) ( Table I) .
Recovery. -The average recoveries (n = 6) for echnocystic acid and oleanolic acid were 95.8 ± 2.3 % and 93.2 ± 2.2 %, respectively (Table I) .
Results indicated that the developed HPLC-DAD method was precise, accurate and sensitive enough for simultaneous quantitative evaluation of echinocystic acid and oleanolic acid in GFA.
Determination of echinocystic acid and oleanolic acid
The validated HPLC-DAD method was applied to quantify two chemical markers, echinocystic acid and oleanolic acid, in 12 batches of samples. The results of quantitative analyses are summarized in Table II . We found that GSF (K and L) contained both echinocystic acid and oleanolic acid. The average contents of echinocystic acid for GFA and GSF were 19.76 ± 4.52 and 19.70 ± 1.67 g kg -1 , respectively, while those of oleanolic acid were 21.25 ± 1.95 g kg -1 and 15.38 ± 0.86 g kg -1 , respectively. As described, GSF (K and L) and GFA (E and J) were collected from the same plants, yet the amount of aglycons hydrolyzed from saponins was different. Specifically, GFA (E) with echinocystic acid to oleanolic acid ratio was 1.1, while GSF (K) with two markers ratio was 1.3. Likewise, the ratios of two markers were 1.0 and 1.3, respectively. These results suggested a different ratio of saponins contained in two different types of fruits: GSF contained a higher ratio of echinocystic acid-type saponins to oleanolic acid-type ones than GFA. Similarly, GFA contained a higher ratio of oleanolic acid-type saponins to echinocystic acid-type ones than GSF. We speculated that these different ratios of both analytes in two fruits, this might be due to the different developmental stages of the fruit. A research for saponins by Xia et al. (24) reported that the contents in GFA were higher than that in GSF, and their ratios were 2.4 : 1.8 : 0.9 : 1.0 and 2.3 : 2.3 : 1.0 : 1.0 for GFA and GSF, respectively. Indeed, a research by Li and Hu (25) reported that the amount of oleanolic acid decreased during the development of fruits. However, further study should be conducted to investigate how these two analytes changed in the fruits. Although the literature demonstrates that echinocystic acid, one of the aglycones, was employed to quantitatively control the quality of GFA (26, 27) , previous methods, especially for sample preparation, were time-consuming, i.e. around 20 hours. Besides, hazardous solvents such as chloroform were used in the extraction. In comparison with these methods, our current method is simpler and more practical to control the quality of the fruits. For instance, the preparation procedure could be done within 3 hours. Moreover, less hazardous solvent was employed in this study.
HPLC fingerprint analysis
In order to clarify the chemical properties of the two fruits, chromatograms of different samples were generated. The process of standardization included the selection of »characteristic peaks« in chromatograms and normalization of retention times of all characteristic peaks. Gleditsioside A, one of the major saponins found in both fruits, was used as the reference standard in the fingerprint analysis. Due to similar physicochemical properties of saponins, in this paper we identified the reference peak in samples by comparing the HPLC retention time and MS data in positive mode with the reference standard. In the MS spectra of samples, the molecular ion of [M+Na] + at m/z 1643.0 was deduced from gleditsioside A, which further confirmed the identity of gleditsioside A (Fig. 3a) . As shown in Fig. 3b , the chromatograms of both fruits from different regions contained 5 characteristic peaks. Among these peaks, gleditsioside A (peak 5), which eluted at a retention time of 54.7 min, was chosen as the marker peak. The relative retention time (RRT) of the 5 characteristic peaks with reference to peak 5 (gleditsioside A) were: for peak 1 (0.42 ± 0.11), 2 (0.57 ± 0.02), 3 (0.77 ± 0.06), 4 (0.94 ± 0.02). The RSD values of RRTs of the 5 peaks in 12 sample batches were less than 3.0 %, which confirmed the high stability and reproducibility of the fingerprints.
In the hierarchical clustering analysis, method called average linkage between groups was applied, and Pearson correlation was selected as measurement. The result is shown in Fig. 3c . The tested populations of fruits were divided into two main clusters: samples A-J (GFA) as cluster one and samples K and L (GSF) as cluster two. This clustering agreed well with the results of two distinct types of fruits. The results here suggested that the difference between two fruits might be the result from the different ratios of saponins between two developmental stages. This is in agreement with the study reporting that saponin contents could be changed due to the developmental stages of herbs (25) .
Both fruits were recognized as the same herbal medicine in Table II ). Peaks 1-5 are defined as characteristic peaks and peak 5 (gleditsioside A) serves as the reference peak. c) Hierarchical clustering analysis for twelve samples. The loading plot was performed with the original peak areas of five common peaks as input data.
c)
scribed as a drug of higher quality than GSF. Nowadays, they are recorded as different medicinal drugs in Chinese pharmacopoeia (18) . In line with this, the study by Xiao (28) has suggested that GFA and GSF cannot be substitutes for each other because of the difference of their growth habitats as well as their chemical compositions.
As regards to the content of total saponins, no significant difference was found between GFA and GSF (26, 29) . Total amounts of four saponins, including gleditsioside A, gleditsioside B, gleditsioside D and gleditsioside I were 52.7 and 52.4 mg g -1 for GFA and GSF, respectively (24) . However, some findings revealed that there were differences between two fruits when comparing the amount of echinocystic acid and metals, i.e., Cu, Zn, Fe, Mn, Mg, K and Ca, as well as their antibacterial effect (26, 30) . Here, we found that the chemical fingerprints of both fruits are rather different, and therefore the interchangeable usage of GFA and GSF as a medicine should be undertaken with precaution, unless full chemical composition has been revealed.
CONCLUSIONS
The established HPLC-DAD method was found to be accurate and precise enough to be adopted for routine quality control of GFA and GSF. GSF was found to be very similar to GFA in the content of echinocystic acid and oleanolic acid. On the other hand, HPLC fingerprinting revealed a different ratio of echinocystic acid to oleanolic acid type saponins. Further chemical and pharmaceutical study should be conducted to reveal whether GFA might be replaced by GSF in clinical applications.
